1. Introduction {#s0005}
===============

One of the most prevalent destructive conditions to the teeth supportive structures is the inflammatory condition of the periodontium, namely periodontitis ([@b0005]). Periodontitis destroys the alveolar bone, cementum and periodontal ligament (PDL), the three constituent tissues of the periodontium. This destruction may ends up by losing the tooth if not treated properly. This in consequence results in esthetic, speech and masticatory deficiencies, in addition to claims of its link to heart diseases, which all have impact on the patient\'s emotional and general health ([@b0195], [@b0140]).

Due to the great development in the regenerative science and understanding in the wound healing process, interest has been drawn toward using the body's own mechanisms to stimulate and in some cases control the regeneration ([@b0025]). This was accomplished by implementing the tissue engineering and regenerative medicine science which utilizes mainly three elements to build/regenerate new functional tissues. These three elements are a scaffold to support the new tissues being built, chemical cues to guide and enhance the tissue formation and cells to aid in the building process. According to the intended tissue to be regenerated, scaffold properties, type of the chemical cues and cells phenotype are tailored ([@b0250], [@b0220]).

Thermo-sensitive hydrogels have drawn a lot of attention in the biomedical and tissue engineering fields as they can deliver therapeutic molecules and cells to a body defect through simple injection with minimum surgical procedure. They are injected in their fluid state and this offers the feasibility to easily incorporate therapeutic agents or cells before the injection. Once injected, their flowing nature allows them to perfectly fill and adapt to the implantation site before gelation in comparison to a prefabricated scaffold ([@b0145]). They contain low amount of dry mass (between 1 and 20% of total mass), which makes them less irritant to tissues and hence less inflammation is expected to happen in the peri-implantation area ([@b0175]). Hydrogels loaded with drugs, growth factors, and bioactive compounds allow sustained release of their load. In addition, hydrogels can encapsulate cells as their permeable structure permits nutrients and metabolites diffusion ([@b0085]).

Different materials, such as chitosan, can be formulated to give thermo-sensitive hydrogels. Chitosan offers several biological advantages being antibacterial, bioadhesive and hemostatic which makes it good candidate for wound healing ([@b0060]). Chitosan in the form of hydrogel is a 3D polymer network that can absorb and retain a large amount of water inside it due to the presence of high number of hydrophilic groups ([@b0100]). However, chitosan lacks the required ligands for cell adhesion and several studies have reported delayed cells attachment and spreading on its surface ([@b0265], [@b0240], [@b0280], [@b0065]). Cell adhesion to chitosan mainly depends on the proteins adsorption on its surface that allows the cells to recognize it. Incorporating bioactive molecules within the chitosan matrix that can present the required proteins on the chitosan surface for cell adhesion would enhance its performance as a scaffold in supporting the cells viability and proliferation ([@b0205]). In addition, these bioactive molecules can be released from the chitosan to aid in the regeneration process through its interaction with the building cells ([@b0215]).

A lot of researches have been conducted on using one or couple of natural or recombinant growth factors in relatively high concentrations to enhance the properties of different scaffold materials and this approach has been proven successful ([@b0155], [@b0165]). However, the isolation of natural growth factors or the development of the recombinant ones is very costly. Also, in the natural healing events, many growth factors are released in specific ratios and sequence which is hard to be replicated ([@b0105], [@b0095]). A way to deliver high concentrations of many natural growth factors is through the use of high concentration of platelets that can release more than twenty types of growth factors and plasma components in their biologically determined ratios ([@b0045]). The preparation of platelets in high concentration has been given many names according to its final form. These names are platelets concentrate (PC), platelet rich concentrate (PRC), platelet enriched plasma, platelet rich plasma (PRP), platelet releasate (PR), autologous platelet gel and preparation rich in growth factors (PRGF). These preparations have been introduced as a cheaper, safer and more effective way to locally deliver high concentration of many growth factors for enhanced healing and regeneration of tissues ([@b0090]).

Platelet concentrate has short shelf-life span (4--5 days) to be used effectively. Therefore, different methods for platelets preservation have been investigated to extend their shelf-life like cryopreservation through the use of dimethyl sulfoxide (DMSO) ([@b0255]) or their fixation by paraformaldheyde ([@b0210]). However, freeze-drying has been proven to be the most effective approach for platelets long-time preservation ([@b0180]). In addition, freeze-dried platelet concentrate is easy in transportation due to its low volume and weight, stable at room temperature for long times and easily manipulated and applied ([@b0080], [@b0170]). Another shortcoming of the platelet concentrate is the rapid release of the platelet contents when delivered as it is and short benefit of its therapeutic effect ([@b0275]). The incorporation of platelet concentrate in a carrier/scaffold like a hydrogel can sustain the release of the growth factors over the longer period of the regeneration process and present the required bioactive molecules for cells adhesion and proliferation on the scaffold surface.

Therefore, the current study aims at investigating the effect of loading a thermo-sensitive chitosan-based hydrogel with different concentrations of freeze-dried platelet concentrate (FDPC) on the sol-gel transition and the viscosity of the forming hydrogel, the release kinetics of growth factors and the viability of encapsulated periodontal ligament-derived stem cells.

2. Materials and methods {#s0010}
========================

2.1. Materials {#s0015}
--------------

Chitosan (medium molecular weight and degree of deacetylation equal to 83% as determined by H NMR) was obtained from Sigma Aldrich, USA. Beta-glycerol phosphate (β-GP) was purchased from Biotech, India. Phosphate buffer saline (PBS) was obtained from Lonza, USA. Alpha--Minimum Essential Medium (α-MEM) and Trypsin/EDTA were obtained from Lonza, Belgium. Fetal Bovine Serum (FBS) was obtained from Seralab, UK. MTT Dye was purchased from Bio Basic Inc., USA. All other reagents were of analytical grade.

2.2. Thermo-sensitive chitosan hydrogel preparation and gelation {#s0020}
----------------------------------------------------------------

The thermo-sensitive chitosan hydrogel was prepared according to [@b0130]). All steps were done in an aseptic environment and ultra-pure water was used to prepare the required solutions. Briefly, chitosan solution was prepared by dissolving 200 mg of chitosan powder in 9 ml of 0.1 M acetic acid solution of pH = 4. The pH of the acetic acid was monitored using a pH meter and adjusted by the addition of potassium hydroxide (1M). Chitosan powder was added to the solvent incrementally over 15 min to prevent clumping of the powder and then left under continuous magnetic stirring for two hours at room temperature for complete dissolution. β-GP aqueous solution of 0.45 M concentration was prepared and filtered through 0.22 µm filter. Both solutions were then stored at 4 °C until mixing.

Preparation of the thermo-sensitive hydrogel was accomplished through the addition of 1 ml of the β-GP solution dropwise to 9 ml of the chitosan solution while stirring in an ice bath. Stirring was done for 5 min and a 2% w/v chitosan/β-GP solution was obtained. This solution was then incubated at 37 °C for 10 min to allow gelation to occur.

2.3. Preparation of freeze-dried platelets concentrate (FDPC) {#s0025}
-------------------------------------------------------------

Six units platelet bag was purchased from Shabrawishi hospital blood bank, El-Dokki, Giza, Egypt. The platelet units were divided into polypropylene tubes, each containing 10 ml of plasma. The tubes were then centrifuged at 4450 rpm for 10 min with zero acceleration to concentrate the platelets in each tube into a pellet. After the centrifugation, 95% of the supernatant (platelet poor plasma) was aspirated carefully without disturbing the formed platelet pellets and discarded. Each platelet pellet was then re-suspended into 2 ml of Tyrode's solution buffer (136 mM NaCl, 11.9 mM NaHCO~3~, 5.6 mM glucose, 5 mM HEPES, 2.7 mM KCl, 2 mM MgCl~2~, 0.42 mM NaH~2~PO~4~, pH 7.4) ([@b0190]) and platelets concentration was adjusted to 1 × 10^6^/µl in each tube. The solution was then incubated in an orbital shaker rotating at 60 rpm at 37 °C for two hours. The platelet concentrate solutions were then gradually frozen down by freezing in a −20 °C freezer for one hour then in a −80 °C ultra-freezer for additional two hours before freeze-drying for 24 h (Alpha 2--4 LDplus, Christ, Germany). After the freeze-drying process was completed, the tubes were immediately tightly closed and saved at −80 °C until use.

2.4. FDPC loading of the hydrogel {#s0030}
---------------------------------

The prepared FDPC powder was mixed with the chitosan solution before the addition of the β-GP solution in different concentrations to create four groups as listed in [Table 1](#t0005){ref-type="table"}.Table 1Groups description.GroupsDescriptionGroup IChitosan hydrogel onlyGroup IIChitosan hydrogel loaded with 5 mg/ml FDPCGroup IIIChitosan hydrogel loaded with 10 mg/ml FDPCGroup IVChitosan hydrogel loaded with 15 mg/ml FDPC

2.5. Viscosity measurements {#s0035}
---------------------------

The viscosity was measured as a sample of the chitosan/β-GP solution was heated from 25 °C to 37.5 °C to record the changes in the viscosity during the sol-gel transition. A rheometer (DV3T, Brookfield, USA) with cone/plate attachment and a temperature controller was used. Chitosan solution mixed with FDPC powder according to each group specified weight ([Table 1](#t0005){ref-type="table"}) was mixed with the β-GP solution just before each run. After the plate attachment of the rheometer was cooled to 23 °C, a 0.5 ml of the freshly mixed cold solution was injected in the middle of the plate. The cone was then inserted in place with a separation distance of 0.013 mm between the cone tip and the plate. The resistance of the hydrogel solution to flow with the rotating cone was measured as the temperature ramped up and readings were recorded every 2.5 °C rise starting from 25 °C to 37.5 °C.

2.6. Growth factor release assessment {#s0040}
-------------------------------------

Groups II, III and IV of the chitosan hydrogel loaded with FDPC were tested for the release of three growth factors: transforming growth factor-β1 (TGF-β1), platelets derived growth factor (PDGF-BB) and insulin growth factor (IGF-1). A total of fifteen disc-shaped hydrogel samples (n = 5), 10 mm in diameter and 4 mm in thickness, were prepared. After gel formation, samples were removed from the molds and each sample was immersed in 2 ml PBS in polypropylene tubes. The samples were then incubated at 37 °C in an orbital shaker rotating at a speed of 100 rpm. At time points 1 h, 1 day, 1 week and 2 weeks, a volume of 0.5 ml of the PBS solution from each sample was withdrawn and saved at −80 °C in an ultra-freezer in a separate Eppendorf tube. The original solution around each sample was refilled with an equal volume (0.5 ml) of new PBS to maintain the volume around the samples during testing.

After collecting the sample solutions at all-time points, sandwich enzyme-linked immunosorbent assay (ELISA) steps were done according to the manufacturer instructions for TGF-β1 (Kit \#: EIA-1864, DRG International, Inc., USA), PDGF-BB (kit \#: E-EL-H1577, Elabscience, China) and IGF-1 (kit \#: EIA-4140, DRG International, Inc., USA). Optical density of the developed color was measured using a microplate reader (Stat Fax 2100, Awareness Technology Inc., USA) and cumulative release values were calculated. Empty wells (Control samples) were included in the test and their results were subtracted from the values of the tested groups.

2.7. Stem cells separation and propagation {#s0045}
------------------------------------------

Cell separation protocol of the periodontal ligament stem cells (PDLSCs) that was established by [@b0225]), was followed with modification. After informed consent from the patients, three human third molar teeth with complete healthy roots were collected from patients (age 25--35) who have undergone impaction surgery at the Department of Oral Surgery, Faculty of Oral and Dental Medicine, Future University, Egypt. Immediately after extraction, the teeth were put in α-MEM with 15% FBS, 100 U/ml Penicillin and 100 µg/ml streptomycin.

The teeth were washed three times by a sterile PBS and the PDL from the middle third of the roots was scraped by no. 15 scalpel. The collected periodontal tissues were minced and cultured in a 10 cm diameter tissue culture plate with α-MEM supplemented with 15% FBS, 100 µM ascorbic acid 2-phosphate, 2 mM L-glutamine, 100 U/ml Penicillin and 100 µg/ml streptomycin. The cultured explants were maintained at 37 °C in a humidified atmosphere and 5% CO~2~. The culture medium was changed every 3--4 days and the cells were evaluated daily during culture period using phase contrast microscope (model: CKX41, Olympus Global, Japan). After 8 days of culture, the cells that migrated out of the tissue explants were detached from the plate floor (trypsinized) and passaged into new culture flasks. Passaging was repeated as culture flasks reached 80% confluence.

2.8. PDLSCs encapsulation and viability assessment {#s0050}
--------------------------------------------------

PDLSCs at the fourth passage were gently added and mixed in the chitosan/β-GP hydrosol FDPC-unloaded (negative control) and FDPC-loaded groups to be homogenously incorporated inside the gel. The added volume of the cell suspension allowed the cells concentration to be 10,000 cells per each 150 μl of the hydrogel. Before gelation of the hydrosol, 150 µl of the sol were injected in the middle of each well of a 24 well plate (n = 5) and the plate was incubated for 10 min at 37 °C to allow for gelation to occur. Then, a volume of 0.5 ml of the full medium was added to each well. In addition, cells only (with same concentration) were cultured as positive control group in different wells (n = 5).

After 7 days of incubation, a volume of 50 µl of MTT solution of concentration of 5 mg/ml was added to the medium of each well and incubated for 4 h to allow for the formation of formazan crystals. The media were then discarded from all wells and 200 µl of dimethyl sulfoxide (DMSO) were added to each well. The plate was then put on shaker with rotation speed of 80 rpm for 30 min to dissolve the formed formazan crystals. The solution in each well was then transferred to an Eppendorf tube and diluted with additional 1 ml of DMSO. The solutions color absorption values were measured at a wavelength of 560 nm using UV/Vis Spectrophotometer (Libra S50, Biochrom, UK). Mean absorbance of the samples of each group was measured and the viability percentage was calculated taking the positive control (cells only) as 100% survival. The control and test groups are described in [Table 2](#t0010){ref-type="table"}. An unloaded-hydrogel without cells group was also tested to subtract its values from the values of the tested groups to exclude any effect of the hydrogel on the color absorption values.Table 2MTT assay groups.GroupsDescriptionPositive controlCells onlyGroup I (Negative control)Hydrogel + cellsGroup IIHydrogel loaded with 5 mg/ml FDPC + cellsGroup IIIHydrogel loaded with 10 mg/ml FDPC + cellsGroup IVHydrogel loaded with 15 mg/ml FDPC + cells

2.9. Statistical analysis {#s0055}
-------------------------

Data was analyzed and tabulated in the form of mean ± standard deviation using statistical package for the social sciences (SPSS) version 20 for windows. Data was tested for normality using Kolmogorov Smirnov's test. Comparisons between the groups were based on ANOVA for parametric data with Tukey's test as post hoc test and Kruskal-Wallis test for non-parametric data with automated Dunn-Benferroni post hoc method. The intra group comparison was performed using Friedman's Analysis of Variance by rank with automated Dunn-Benferroni post hoc method. All comparisons were done at statistical significance level of P \< 0.05. Graphical depictions of mean and standard deviation data were constructed with Microsoft Excel 2016.

3. Results {#s0060}
==========

3.1. Thermo-sensitive chitosan hydrogel preparation and gelation {#s0065}
----------------------------------------------------------------

Gelation of the thermo-sensitive chitosan hydrogel was confirmed. The flow of the solution stopped after 10 min at 37 °C which confirmed the transformation to the gel state ([Fig. 1](#f0005){ref-type="fig"}). The gelation was irreversible.Fig. 1The hydrogel before setting (left) and after setting at 37 °C (right).

3.2. Viscosity measurements {#s0070}
---------------------------

The values of the viscosity as the temperature rises of the chitosan/β-GP solution (Group I) showed that the viscosity plateaued at temperatures below 30 °C and started to increase gradually from temperature 30 °C to 37.5 °C to reach almost three fold increase ([Fig. 2](#f0010){ref-type="fig"}). The three groups containing FDPC showed viscosity increase following the same trend that was observed with the control group (Group I). Their viscosity values almost plateaued from the starting temperature of the test (25 °C) until about temperature 32.5 °C with small values of standard of deviation. Starting from temperature 32.5 °C, the viscosity started to increase gradually until temperature 37.5 °C where the standard of deviation increased markedly.Fig. 2Mean viscosity (cP) values (±SD) of the four groups at each temperature (°C) point (^\*^indicates significant difference).

Intra-group comparison between all temperature points revealed that significant difference (*p* \< 0.05) was present between temperature 37.5 °C and the first three temperatures of the test (25, 27.5 and 30 °C) in all groups. On the other hand, statistical comparison of the viscosity values between the groups ([Fig. 2](#f0010){ref-type="fig"}) showed that at temperatures 25 °C and 27.5 °C, group I exhibited significantly higher viscosity values than groups II and III and at temperatures 30 °C and 32.5 °C, it had significantly higher viscosity values than all the other three groups. At temperatures 35 °C and 37.5 °C, no significant differences were found between any of the groups.

3.3. Growth factor release assessment {#s0075}
-------------------------------------

The cumulative release assessment results ([Table 3](#t0015){ref-type="table"}, [Table 4](#t0020){ref-type="table"}) for the TGF-β1 and PDGF-BB showed that the tested samples were able to sustain the release of the growth factors throughout the test duration. While, the IGF-1 results from all the tested groups were negative. The release profile of both TGF-β1 and PDGF-BB ([Fig. 3](#f0015){ref-type="fig"}) showed that there was an initial burst release during the first hour of the test from all groups followed by gradual increase to the next one day time point for all groups. This initial burst release increased from group II to group IV as the platelet concentration increased and it was very pronounced in group IV which had the highest platelet concentration.Table 3Mean (ng/ml) cumulative release values of TGF-β1of all groups at the four time points.Group1 Hour1 Day1 Week2 WeeksGroup II1.53 ± 0.29^Aa^2.63 ± 0.20^Ba^5.60 ± 0.66^Ca^5.55 ± 0.41^Ca^Group III5.11 ± 1.07^Ab^6.25 ± 0.52^Bb^10.73 ± 2.26^Cb^10.66 ± 0.68^Cb^Group IV13.10 ± 1.67^Ac^16.77 ± 2.08^Bc^22.50 ± 4.72^Cc^19.79 ± 3.35^Dc^[^1][^2]Table 4Mean (pg/ml) cumulative release values of PDGF-BB of all groups at the four time points.Group1 Hour1 Day1 Week2 WeeksGroup II9.08 ± 0.46^Aa^10.97 ± 0.72^Ba^13.54 ± 0.63^Ca^13.62 ± 0.66^Ca^Group III16.24 ± 1.57^Ab^18.37 ± 1.28^Bb^21.50 ± 1.48^Cb^21.12 ± 1.32^Cb^Group IV27.00 ± 1.12^Ac^29.13 ± 1.29^Bc^30.04 ± 1.65^Bc^28.91 ± 1.21^Bc^[^3][^4]Fig. 3Real time cumulative release profile of: (a) TGF-β1 and (b) PDGF-BB.

At the one week time point, TGF- β1 release profile showed more increase for all the groups, while PDGF-BB release profile showed that only group II and group III had increased release but there was no significant difference in group IV in the release between the one day and one week time points. At the two weeks time point, the concentration of the released TGF-β1 showed almost similar value as one week time point in groups II and III. In group IV, the released TGF-β1 showed decrease in its concentration than the one week time point, while for PDGF-BB, the release concentrations were almost the same as one week time point in all groups.

3.4. Stem cells separation and propagation {#s0080}
------------------------------------------

After four days in culture, spindle shaped cells started to migrate out of the tissue pieces from all their circumferences and moved toward less density spaces in the culture plate. By the eighth day of culture, more cells migrated out and filled more spaces of the culture plate ([Fig. 4](#f0020){ref-type="fig"}a, b). Cells formed colonies ([Fig. 4](#f0020){ref-type="fig"}c) as they were passaged for the first time. Cells were successively passaged as they reached 80% confluence of the culture flask floor ([Fig. 5](#f0025){ref-type="fig"}).Fig. 4Phase contrast images showing: (a) tissue explants, (b) cells migrated out of the explant at day 8 of culture and (c) cells forming colonies (white arrows) after passaging (100× magnification).Fig. 5Phase contrast images showing PDLSCs filling the culture flask floor (80% confluence): (a) 100× magnification, (b) 200× magnification.

3.5. Encapsulated PDLSCs viability assessment {#s0085}
---------------------------------------------

Phase contrast microscope examination of the PDLSCs encapsulated in the hydrogel revealed viability of cells as they were seen through and at the edges of the hydrogel spreading and adherent to the floor of the plate ([Fig. 6](#f0030){ref-type="fig"}).Fig. 6Phase contrast images showing viable PDLSCs (Black arrows) adhering to the plate floor: (a) Through the hydrogel, (b) at the edge of the hydrogel (200× magnification).

MTT assay results revealed that PDLSCs were able to stay viable during the test period (7 days) encapsulated inside the hydrogel. Cells viability percentages compared to the positive control group (taken as 100% viability) are presented in [Fig. 7](#f0035){ref-type="fig"}. Group I (FDPC-unloaded group) was significantly lower in cells viability than the positive control group (cells only), while group III and group IV were significantly higher in cells viability than the unloaded group (negative control group). In addition, group III and group IV were comparable to the positive control. The cells viability in group II did not significantly differ from any of the other four groups.Fig. 7Cell viability percentages (±SD) in the different groups after 7 days of culture (^\*^indicates significant difference).

4. Discussion {#s0090}
=============

The composite hydrogel prepared in the current study is aimed to be injected in the bone defects around teeth while it is in the sol state and to change to the gel state inside the defect at the body temperature. Viscosity measurements were done in this study to investigate the state of the chitosan/β-GP solution as temperature rises from room temperature (25 °C) to the temperature of the human body (37 °C). It was important to confirm that the sol-gel transition starts at temperatures near the body temperature and that the chitosan/β-GP solution has a relatively low viscosity at room temperature to facilitate its injectability. Moreover, it was necessary to investigate the effect of adding FDPC on the sol viscosity and the sol-gel transition temperature.

The results showed that the chitosan/β-GP system prepared in this study maintained its viscosity values from room temperature until 30 °C and then started to increase gradually until temperature 37.5 °C. The rise in the viscosity reached about three fold increase as it reached temperature 37.5 °C. This change in the viscosity values is a result of the sol-gel transition in the chitosan/β-GP system due to the increase in the hydrophobic interaction between the chitosan chains as the temperature rises ([@b0040]).

The addition of FDPC at different concentrations to the hydrogel did not affect the sol-gel transition profile as the temperature was raised. However, it lowered the starting viscosity values rendering the hydrogel less viscous. This could be attributed to the positively charged growth factors that are released from the platelets ([@b0135], [@b0285]). These positively charged molecules may have increased the repulsion forces between the chitosan chains leading to increased inter-chain distances and easier chains sliding. This effect could ease the injectability of the material rendering it more practical in its application.

The periodontal regeneration process and healing period can be enhanced by incorporating signaling molecules that modulate cells functions. Therefore, the FDPC was incorporated in the chitosan hydrogel to sustain the release of the natural bioactive agents contained inside the platelets. The growth factors investigated in the current study were selected for their important role in regulating and enhancing the regeneration of tissues ([@b0010]). Both TGF-β and IGF-1 induce matrix formation. In addition, IGF-1 regulates cells proliferation and maturation and inhibits cell death. On the other hand, PDGF-BB has been found to be a potent mitogenic factor and to have a chemotactic effect on mesenchymal cells including periodontal progenitor cells in comparison to its other isoforms (PDGF-AA, PDGF-AB). PDGF-BB also enhances the stabilization of the IGF receptors, preventing their down-regulation ([@b0200], [@b0115]).

In the current investigation, the release assay of TGF-β1 and PDGF-BB from the FDPC-loaded hydrogels showed cumulative sustained release of these two growth factors for two weeks. The release profiles of both growth factors showed almost the same trend but different in the amounts released. They were characterized by initial burst release during the first hour that increased with the increase in FDPC loading concentration. This was followed by a gradual increase in their release at one day and one week time points and leveled off for most of the groups at the two weeks time points.

The initial burst release phase could be attributed to several factors. First, chitosan is known to induce platelet aggregation and activation which may lead to fast release of the platelets load ([@b0235]). Second, the hydrogel is a very porous structure and when immersed in the release medium (PBS), it swells and its pores widen ([@b0015]). This leads to fast initial diffusion of the growth factors near the surface and inside the pores ([@b0130]). Third, both TGF-β1 and PDGF-BB are positively charged molecules ([@b0270], [@b0030], [@b0035]). This may leads to some repulsive forces between them and any remaining positive charges on the chitosan chains that may have not been neutralized by the β-GP during the hydrogel preparation. These repulsive forces may also contribute to their rapid initial release. This initial fast release could be advantageous considering the chemotactic effect of PDGF-BB and the benefit of recruiting high number of progenitor cells at the early stages of the defect regeneration. In addition, the effect of TGF-β1 and PDGF-BB in increasing the cells proliferation and matrix formation is also needed in the early stages of defect regeneration as to fasten the building of new tissues ([@b0185]).

The second phase of slower gradual release can be attributed to the diffusion of the growth factors through the smaller pores and the deeper sections of the hydrogel which takes more time than the diffusion of the surface-adsorbed growth factors. Also, the decrease in the availability of these growth factors by time leads to decrease in the released amount. Finally, at the two weeks time point, results showed that the growth factors concentration leveled off giving a plateau pattern in groups II and III, and decreased in group IV for TGF-β1 while plateaued in all groups of PDGF-BB. This level off or decrease in the release rate may indicate the depletion of the mobile growth factors moieties. Moreover, one should consider the stability of the growth factors in the release medium at 37 °C. Most of the growth factors denature at such temperature and are only stable for a relatively short period of time ([@b0020]). Taking in mind this fact, a lot of the released growth factors may have been deactivated during the immersion and they were not measured. Therefore, as the release rate decreases at the end of the test period, it may approach the rate of denaturation of the growth factors, thus the measured release profile plateaus.

Regarding the IGF-1, the results were all negative for all the groups. This could be attributed to the fact that this growth factor is present mainly in the plasma not inside the platelets ([@b0075]). In the preparation steps of platelet concentrate in the current study, only a very small amount of the plasma was left with the platelets so as to enhance the effect of the preservation buffer. It seems that this amount of plasma contained only a very low level of IGF-1 that could not be detected. In addition, IGF-1 has a very short half-life and its serum levels differ greatly among individuals according to many variables like nutritional status, exercise and genetics ([@b0090]). Therefore, it should be noted that following the FDPC preparation protocol used in the current study, the levels of the IGF-1 could be undetectable.

To test the ability of cells to be encapsulated in the chitosan hydrogel and to retain their viability, PDLSCs were isolated, propagated and encapsulated in the different groups of the prepared chitosan hydrogel/FDPC. The PDLSCs were selected to be used in the current study as the intention of using this hydrogel was mainly for periodontium regeneration. The PDLSCs have the potential to regenerate the different tissues of the periodontium. PDLSCs had been shown to be the most favorable candidate in periodontal regeneration in different studies compared to other stem cells ([@b0260], [@b0245], [@b0150], [@b0110], [@b0290]).

The results of testing the viability of the PDLSCs encapsulated in the chitosan/β-GP hydrogel showed that the different hydrogel groups were able to maintain the viability of the cells during the 7 days test period. The viability of the PDLSCs encapsulated in the hydrogel unloaded with FDPC (negative control) was lower than that of the positive control group which represents the standard culture environment *in vitro*. This could be attributed to the fact that cells like to adhere to a surface to effectively proliferate, a phenomena called anchorage dependence ([@b0070], [@b0030], [@b0035]) and cells take some time to attach to the chitosan surface ([@b0265]) in comparison to the polystyrene-treated tissue culture plate surface. Therefore, it could be that the chitosan hydrogel unloaded with FDPC in the current study only offered a biocompatible environment for the cells but without the required attachment platform to maintain its viability and to induce cells proliferation.

However, the FDPC-loaded groups were comparable to the positive control group and groups III and IV were significantly higher in cells viability than the unloaded group (negative control). This could be attributed to that the released platelets contents had modulated the chitosan surface through the presentation of adhesive proteins like fibronectin and fibrinogen for cells to adhere and proliferate. This is in addition to the role of many growth factors released from the platelets that have indisputable role in enhancing cells function and proliferation ([@b0125], [@b0160], [@b0055], [@b0050], [@b0120], [@b0230]). Finally, the comparable results between the FDPC loaded groups could be due to the small difference in the FDPC concentrations loaded in the hydrogel.

5. Conclusions {#s0095}
==============

Within the limits of the present study, freeze-dried platelet concentrate (FDPC) can be incorporated in a chitosan thermo-sensitive hydrogel without adversely affecting its sol-gel transition and viscosity. In addition, the FDPC improves the hydrogel's ability to maintain the viability of cells encapsulated within its matrix to levels comparable to standard culture environment and to sustain the release of growth factors essential for tissue regeneration for up to two weeks. Finally, pre-clinical and clinical studies need to be performed before these results could be extrapolated to clinical application.
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